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Abstract
In the present report we continue the detailed B2 - B2.5 code comparison/extension activity
started in [1] (Part I: Modeling Equations, Code Dis-integration) for upgrading of B2-EIRENE
fusion edge plasma edge code suits from SOLPS4.3 to SOLPS_ITER. We assess the extended
options to include parallel electric currents (and the electric potential) in these computational
scrape off layer models. Starting from the original implementation [2] we demonstrate its full
equivalence with the later introduced formulation in the B2.5 code by firstly re-deriving both
sets of additional equations and boundary conditions, and then secondly carrying out a series of
benchmark calculations, continuing the earlier set of reference test cases of [1] to non-ambipolar
conditions. We show that also with respect to parallel electrical currents both codes an be perfectly
matched. Our tests so far are limited to single ion fluid (no plasma impurities) case, sonic (M=1)
plasma outflow conditions, and to fully orthogonal, and even rectangular, computational grids.
2
1 Introduction
In part I of the edge codecode benchmarking activity [1] the standard B2 (B2.5) edge plasma
transport model, based on a set of plasma transport equations for locally ambipolar conditions has
been assessed. In the present report we extend this study by including the parallel electrical current
and the electric potential j‖,Φ to the standard set of four dependent variables ni(= ne), Vi,‖, Te
and Ti considered in [1].
The correct inclusion of electric currents and drift flows in plasma edge transport codes has been
a topic of active research for two decades now. The B2-EIRENE code package (as e.g. later included
in the SOLPS family of codes), was extended to include electric currents and drifts in the early
nineties [2], [3], [4]. At that time parallel electric currents were successfully introduced in the B2-
code with application results for ASDEX-Upgrade configurations and also for specific edge biasing
experiments in DIII-D. However, the implementation of cross-field drift velocities turned out to be
much more cumbersome, leading to issues such as adequate boundary conditions, robust numerical
implementation, and spurious oscillations introduced near the X-point. Over the past decade
currents and drifts were successfully introduced in the SOLPS code package (or B2.5-EIRENE) [5],
[6]. Both edge transport solvers packages (B2-EIRENE and B2.5-EIRENE) differ somewhat with
respect to the underlying mathematical equations, the target sheath boundary conditions within
the framework of electric currents and drifts and the related numerical implementation. Already in
the very first implementations in B2-EIRENE mentioned above it was found (quite expectedly) that
diamagnetic drift velocities tend to become less important the larger the fusion tokamak, the longer
the connection lengths and the higher the local recycling coefficient [2]. This led to computationally
less demanding (numerically more stable) simulations for e.g ASDEX-Upgrade parameters than for
TEXTOR [4]. In predictive applications to ITER and eventually even to DEMO conditions, the
relative importance of diamagnetic drifts in edge plasma codes is expected to be further reduced
whereas the need for a proper implementation of parallel electric currents in the SOL is expected
to persist.
Therefore, in this report we examine differences in parallel electric current implementation
between B2.5 (e.g. in the newly compiled SOLPS-ITER version, 2013) and B2 (e.g. as in SOLPS4.3
used for most of the ITER divertor design calculations since the mid nineties of the last century). In
the following we concentrate on the edge plasma model and leave issues aside which are related to the
interface to the kinetic Monte Carlo solver EIRENE for the reaction terms, and hence to sources and
sinks caused by interaction between neutral and charged particles. First the governing equations are
compared. Boundary conditions are discussed next. In a subsequent section implementation issues
are documented. Finally simulation results from both plasma edge code packages B2-EIRENE
and B2.5-EIRENE are compared. It can be concluded that both codes lead to comparable results.
However, the implementation of linearized boundary conditions in B2.5 for the electric potential,
as compared to the full non-linear formulation in B2, might result in to reduced accuracy in B2.5
when applying the code to highly asymmetric conditions at the connected targets.
2 Governing equations
2.1 Basic modeling equations
As a starting point for code comparison the modelling equations as discussed in our earlier B2-B2.5
code benchmark tests [1] are repeated here. The following four equations hold for the variables
(n, V‖, Te, Ti) when electric currents and drift flows are not included.
The continuity equation is written for a quasi-neutral single ion fluid plasma:
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with density n = ni = ne/Zi and bx = Bx/B the magnetic field pitch. Coordinates x and y
denote the poloidal and the radial direction respectively. hx, hy and
√
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coefficients. Poloidal and radial velocities Vx and Vy, respectively, are defined as:
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The total parallel momentum equation, which is obtained by adding the ion parallel momentum
equation and the inertialess electron parallel momentum equation (equation (10) given below,
electron force balance), is:
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Here V‖ is the parallel (to the B-field) ion velocity, and SmeV‖ = 0 is assumed. Assuming a
current-free plasma (Vi,‖ = Ve,‖) the (total) electron energy equation reads:
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and the (total) ion energy equation is given by:
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2.2 The additional equations for electrical current and potential
In order to solve for (parallel) electric currents the assumption of equal ion and electron parallel
flow velocities is relaxed, i.e. finally we will have the variables Ve,‖ and Vi,‖ instead of just V‖.
Generally, the four additional scalar equations for the three additional velocity components
as well as for the electric potential Φ are provided by the continuity equation for electrons (one
scalar component) and the electron momentum equation (three components). In the present work,
however, we only add the parallel component of the current (and hence of the electron flow velocity:
Ve,‖) and the electric potential to our extended set of dependent variables, e.g.: n, V‖, j‖,Φ, Te, Ti.
This is achieved by an appropriately reduced subset of the additional equations (namely with the
two scalar equations (13) and (15) given below).
Next we outline the procedure with the full set of four additional equations, and then reduce
this scheme to the particular two additional scalar equations needed here.
The continuity for electrons reads:
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Subtracting the electron continuity equation from Zi times the ion continuity equations leads
to:
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Here we have taken account for local charge neutrality ne = Zini and absence of net electric
charge sources: Sn = Sn,e. The electric current density is defined by
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~j = e
(
Zini~Vi − ne~Ve
)
(9)
with e the elementary charge. Equation (8) is the current continuity equation. As stated above it
will be used to solve for the electric current ~j or, equivalently, for ~Ve, and for the related electric
potential Φ. In order to do so, more information is needed from the electron momentum equation.
As in the total moment equation for ions and electrons it was already implicitly assumed that elec-
tron inertia is negligible for both transient and transport terms, we can keep the same assumption
for the electron momentum equation. Also, again as before, we neglect the electron momentum
source terms due to interaction with the neutrals. This leads to the following (inertialess) force
balance for electrons:
− ~∇pe − ene
(
~E + ~Ve × ~B
)
+ ~Re = 0 (10)
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The parallel component of this vector equation (10) serves to compute j‖. Equation (10) is
typically not used (neither in B2 nor in B2.5) to compute the perpendicular current components
~j⊥ = (0, j∧, jy). These components are rather computed from the total momentum equation
projected in radial (y) and diamagnetic (∧) direction, with the assumption that the cross-field
terms are dominant and balanced by the other force terms like inertia, viscous terms and neutral-
ion interactions:
∂mn~V
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It is outside the scope of this technical note to describe differences in the diamagnetic and
radial current computations. It can however been stated that most of the modelling terms are
similar in the early B2 work and in the B2.5 code [7]. Main differences are found in the numerical
implementation of the drift terms and the handling of the boundary conditions. As the diamagnetic
and radial current components come into the modeling equations via cross field terms they are
further neglected in this present report.
Thus the following equations are retained in both the B2 and the B2.5 code to evaluate the
parallel electrical currents, and assuming jy = 0 and j∧ = 0:
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I.e. this is the parallel component of the so called generalized Ohm's law".
Eliminating the parallel current density with the help of Eq. (13) in this equation leads to the
one additional potential equation to be solved:
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We note that in case diamagnetic or radial currents j∧, jy would be retained, equation (13)
would generalize to ∇~j = 0, and the potential equation would generalize to:
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The electric potential equation (15) is clearly an ordinary (one dimensional) differential equation,
governing the electric potential within one flux tube. Even equation (16) for Φ remains a one-
dimensional ordinary differential equation per flux tube, unless jy 6= 0. Finite jy contributions
occur when an anomalous non-ambipolar radial current flow is introduced proportional to the radial
electric field (Ey =
∂Φ
∂y ) or when the influence of the radial electric field is implicitly introduced
into the equation via radial current components due to viscous effects in the diamagnetic direction.
In the latter case the radial electric field will influence the diamagnetic ion velocity, which in turns
effects the radial current. Such a dependency would provide the coupling of the electric potential
across the flux tubes and hence will be crucial to determine the absolute value of the electric
potential inside the separatrix. Even if jy 6= 0 the electric potential equation will be predominantly
governed by the transport in parallel direction.
As we do not include any cross field drift terms in this present study, the radial electric current
transport is not included and therefore the electric potential is decoupled between flux tubes (see
equation (15)). This means that inside the separatrix, within each flux tube (x-coordinate) its
absolute value Φ(x) can be only obtained relative to an externally given reference potential Φ(x0)
at one point x0 in the same magnetic flux tube.
On the other hand the electric field in the SOL is completely determined by the presence of the
electrostatic sheath potential drop at the targets, which provides the reference potential for each
flux tube outside the separatrix. This will be explained in the section on boundary conditions.
For this particular equation (15) the strongly non-linear boundary condition will challenge the
numerical solution procedure as will be described in section 4.
2.3 Adaptations to the electron energy equation
The electron total energy (enthalpy) equation for the B2 code is altered by the presence of parallel
currents in two ways: firstly the convected energy transport is determined by the electron velocity
~Ve = ~V − ~j/e, which now differs from the ion velocity ~V ; secondly a term representing ohmic
heating will appear in the equation:
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The terms due to cross-field drift flows, including ~j ·
(
~V × ~B
)
and j∧ = jr = 0, are again
omitted here.
On the other hand for the B2.5 code the following changes in the internal electron energy
equation (in the plasma frame) are reported [6]. Also here we omit terms due to cross-field drifts:
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Keeping in mind the definition of Vx and Vy (see eqs. (2) and (3)), jx = bxj‖, jy = 0, neglecting
the anomalous particle transport contribution of the B2.5 code in poloidal (x) direction (the 52D
n ∂n
∂x
term) and taking α = β = 0 in the B2 code as also was done in the code comparison by Dekeyser
et al. [1], one can readily see that the two equations are fully equivalent. Indeed, by expanding a
fraction 22 of the convection term in the B2-formulation written with a numerical
5
2 factor there (17)
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we arrive at the factor 32 as in the B2.5-formulation (18). This is seen by expanding, in equation
(17), the 22 part of the second term on the left hand side minus the third term on the right hand
side:
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3 Boundary conditions
Strictly the issue of proper sheath boundary conditions in 2D situations, e.g. involving also drift
flows and perpendicular electrical currents, is a very subtle one and has been discussed many times
in literature. Both B2 and B2.5 rely, however, on a simple 1D sheath model to derive boundary
conditions for their potential equation in the SOL. This implies in particular that no mixing between
parallel and perpendicular current components is assumed to occur inside the sheath region.
The reported boundary conditions for the sheath current-voltage characteristics in both the B2
[2] and the B2.5 code [6] are equal (both for Zi = 1). For the B2-code the following equation for
the electrostatic sheath potential drop Φsh at the target surface as function of the parallel electrical
current j‖ = jx/bx entering the sheath is used:
Φsh = −Te
e
ln
[√
2pime
mi
(
Te + Ti
Te
)(
1
1− γe
)(
1− jx
enbxcs
)]
(20)
In B2.5, the poloidal electric current (as function of Φsh) is determined from:
jx = en
[
bxcs − bx 1√
2pi
√
Te
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exp
(
−eΦsh
Te
)
(1− γ)
]
(21)
where cs =
√
Te+Ti
mi
. For this choice of cs both formulations (20) and (21) are fully equivalent. It
should be noted that in both plasma edge codes also different formulations for the sheath boundary
conditions with respect to the parallel ion velocity cs are formulated. In that case the sheath
boundary condition for the electric current, as described above, should be adapted accordingly and
based on the additional information for the electrons.
Let V‖ = cs be the boundary condition for the parallel ion momentum balance equation at the
sheath entrance, no matter which expression for cs that is used. This leads to an associated parallel
ion current component (constant across the sheath up to the target)
j+‖ = eniVi,‖ = encs (22)
On the other hand the electric current associated with the electrons will be governed by the
(nearly stationary) Maxwell-distribution. A one-way electron particle flux density towards the
target Γ−‖,se =
1
4ne,sev¯e, with v¯e =
√
8Te
pime
the thermal electron speed, is present at the sheath
entrance. In order to determine the electron component of the parallel current: j−‖ = eneVe,‖ we
account for the fact that this thermal electron particle flux density is modified by the repulsive
characteristic of the electric potential over the sheath and the secondary electron emission, with
factor γe. This leads to the net electron current contribution j
−
‖ (again: constant across the sheath
up to the target in our 1D sheath model):
j−‖ = eneVe,‖ =
1
4
ene,sev¯e exp
(−e (Φse − Φw)
Te
)
(1− γe) (23)
Combining the expressions (22) and (23) for the electron and the ion electrical current compo-
nents at the target surfaces leads, indeed, again to equation (21) (as used in B2.5). Therefore, for
7
arbitrary cs, eq. (21) can be considered as the more general formulation (with Φsh = Φse−Φw, Φse
the electric potential at the sheath entrance and Φw the electric potential at the wall), leading to
a corresponding B2-code boundary condition for the electric potential (cfr. equation (20)) written
as:
Φsh = Φse − Φw = −Te
e
ln
[√
2pime
Te
(
cs
1− γe
)(
1− jx
enbxcs
)]
(24)
with all plasma parameters taken at the sheath entrance and the parallel current j‖ = jx/bx being
constant across the sheath.
The boundary conditions for the electron heat flux at the sheath entrance were not reported
in [6] nor in [5] and are presumably introduced similar to the sheath conditions in B2.5 without
currents:
Qe = δeneVeTe (25)
Similar as in the code comparison study without currents [1], the equivalent sheath transmission
factor needs to be set in accordance with the heat flux definition used in the code. Specifically
(loc.cit): when for the B2 code a factor δe =
2
1−γe +
e(Φse−Φw)
Te
≈ 4.8− 5.1 is used, then this would
correspond to a sheath transmission factor of δe ≈ 3.8− 4.1 for the B2.5 code.
4 Numerical implementation for j‖,Φ
In order to simulate the parallel electrical current and to solve for the electric potential under the
assumptions made above (j∧ = jy = 0) one set of additional ordinary differential equations (15)
needs to be solved, in combination with the strongly non-linear boundary conditions as expressed by
either equation (21) or (24). From this solution Φ(x, y) then the parallel electrical current density
j‖ is explicitly given by equation (14).
For the numerical implementations in B2 and B2.5 several issues need to be taken into account:
 Even for the full set of additional variables, i.e. also including j∧, jy, V∧, . . . to the list of
dependent variables, the complete partial differential equation (16) for Φ(x, y) is only weakly
linked to the radial gradient of the electric potential. Therefore the equation can either be
solved (via operator splitting) as set of 1-dimensional ordinary differential equations with all
other terms considered as sources and computed explicitly (B2 method) or it can be solved
accounting for the weak radial coupling (if any) in a 2-dimensional numerical framework (B2.5
method).
 The boundary conditions for the potential equation at the sheath entrance are strongly non-
linear and strictly limited for the electric target current jx as this jx cannot exceed the
equivalent ion electric current. A numerical procedure should account for this feature.
 In case of absence of any coupling with the radial electric field (as it is the case for jy = 0)
the absolute value of the electric potential inside the separatrix cannot be computed. Only
poloidal variations per flux-tube will be simulated with respect to some reference value per
flux tube.
4.1 Implementation in the B2-code
The implementation of the electric potential equation (15), (or (16) in the more general case) in the
B2-code is taking advantage of the predominant transport in the parallel direction and ensures the
boundary condition (24) to be strictly satisfied [2]. A two step procedure is followed. First equation
(15) (or in general (16)) is solved after setting the boundary conditions (24) with Φsh(jx = 0), i.e.
with Φsh evaluated according to an ambi-polar case (jx = 0). In a second step then, a poloidal
correction current ∆jx is computed such that the total current satisfies both the full non-linear
boundary condition (24) with Φsh = Φsh(jx) and the electric potential equation (15) or (16).
Let ΦA denote the electric potential in case of ambi-polar boundary conditions (jx = j‖ = 0)
and Φ the electric potential satisfying both the potential equation and its full non-linear boundary
conditions, respectively, and let Φ = ΦA + ∆Φ. The potential equation in its general formulation
reads (16):
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The fact that ΦA satisfies already the potential equation leads to:
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Subtracting Eq.(27) from Eq.(26) gives an expression for the correction current ∆jx = jx − jAx :
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Integration of Eq.(29) along a flux tube (along x) from the left to the right target plate, respec-
tively at x = 0 and x = L:
− ∆Φ|x=L + ∆Φ|x=0 = Ct
∫ L
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t Rtot =
√
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The right hand side of this equation defines the total electric resistance Rtot along a flux tube,
between left and right plate, namely Rtot ≡
∫ L
0
hx√
g
1
σ‖b2x
hxdx . The term
√
g
hx
∣∣∣
x=0
refers to the
cross-sectional area of the flux tube under consideration. The left target position x = 0 is taken
for reference.
Simultaneously this correction current ∆jx must ensure that the total current fulfils the non-
linear boundary conditions. Whereas ΦA at left and right target were set to obey the ambipolar
boundary conditions:
ΦA
∣∣
x=0,L
= Φw − Te
e
ln
[√
2pime
Te
(
cs
1− γe
)]
, (31)
the full boundary conditions need to be applied to find the electric potential:
Φ|x=0,L =
(
ΦA + ∆Φ
)∣∣
x=0,L
= Φw − Te
e
ln
[√
2pime
Te
(
cs
1− γe
)(
1− jx|x=0,L
enbxcs
)]
(32)
or
∆Φ|x=0,L = −
Te
e
ln
(
1− jx|x=0,L
enbxcs
)
. (33)
Therefore the correction current ∆jx,0 at the left target as well as its counterpart at the right
target given by ∆jx,L
√
g
hx
∣∣∣
x=L
= ∆jx,0
√
g
hx
∣∣∣
x=0
can be found by non-linear root finding of:
∆Φ|x=L − ∆Φ|x=0 = −
Te,L
e
ln
(
1− j
A
x,L + α∆jx,0
enbx,Lcs,L
)
+
Te,0
e
ln
(
1 +
jAx,0 + ∆jx,0
enbx,0cs,0
)
= −∆jx,0Rtot
(34)
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with Rtot given by equation (30) and α being the metric cross sectional area ratio between left
and right target:
α =
√
g
hx
∣∣∣
x=0√
g
hx
∣∣∣
x=L
(35)
The search range for ∆jx,0 limited by two vertical asymptotes of the function, namely by
− enebx,0cs,0 − jAx,0 < ∆jx,0 <
(
enebx,Lcs,L − jAx,L
)
/α (36)
Finally, after having obtained the correction current ∆jx,0 at the left target, the poloidal current
jx and the electric potential at every location are easily found by:
jx = j
A
x +
hx√
g
∆jx,0
√
g
hx
∣∣∣∣
x=0
(37)
and
Φ = ΦA + ∆Φ|x=0 − Ct
∫ x
0
hx√
g
1
σ‖b2x
hxdx (38)
The procedure presented above is implemented in the original B2-code in subroutine
B2CPOT.F. First, the potential equations for ΦA, Eq. (27), is solved. For this purpose a second or-
der linear interpolation scheme following the typical discretisation procedure for diffusion equations
is used. The correction for non-linear boundary conditions, Eq. (34), is subsequently solved by
calling a root-finding procedure (function DZBREN using either IMSL or NAG-library routines, in
this case subroutine C05ADF). Starting from the ambipolar solution, the correction target current
∆jx|x=0 is found. Finally all currents and electric potentials inside the computational domain are
updated according to equations (37) and (38).
For the region inside the last closed flux surface the electric potential value at the cut is taken
from its initial value (mostly being 3.1Te/e). The potential equation is solved at the beginning
of each internal iteration or time step (by calling subroutine B2CDIA), followed by subsequently
solving the momentum, particle, energy and particle balances respectively. The implementation
of the additional terms in the electron energy equation is straight forward and is performed in
B2CENE.F
For the SOLPS4.3 version our original extended B2 code implementation was slightly altered
by an unknown programmer. In the SOLPS4.3 the potential equation is solved again after the
correction target current ∆jx|x=0,L is determined from relations (34) and (36) and used to compute
the non-linear boundary values Φ|x=0,L from (32). In SOLPS4.3 the introduction of a second
(approximate) calculation for the potential equation is used, bypassing the straight forward (and
exact) correction equations (37) and (38). Subroutine names are the same as in the original extended
B2-code. We have verified, however, with a few test runs, that the two approaches give the same
results, within numerical accuracy.
4.2 Implementation of parallel electric currents in the B2.5 code
In the SOLPS5.3 the potential equation is solved in every inner iteration. First the momentum
equation is solved, followed by the particle balance. Subsequently the 2-dimensional potential
equation is solved (call b2nppo) and finally the energy equations are solved. In contrast to the
other equations the potential equation makes use of an additional internal iterative procedure. It
is set up to get the equation solved accurately enough (input variable POTIT sets the maximum
iterations and POTOK the tolerance value). This iterative procedure is needed as the potential
equation is solved using linearised boundary conditions.
Starting from equation (21) where jx = f(Φ) the boundary condition is set (in b2stbc_phys.F)
by:
jx = j
P
x +
∂f
∂Φ
(
Φ− ΦP ) = jPx + eTe bxj−,P‖ (Φ− ΦP ) (39)
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with superscript P indicating the solution in a previous iteration step. This linearized expression
is slightly altered in the implementation and set by:
jx = j
P
x +
∂f
∂Φ
(
Φ− ΦP ) = jPx + eTe bx max(j−‖ , j+‖ )P (Φ− ΦP ) (40)
It should be noted that the non-linear treatment as used in B2 is still available in the code (sub-
routine b2nxpo) but only intended when the iterative procedure with linear boundary conditions
fails. However its call in subroutine b2news is commented out as it seems not to work at present.
4.3 Comparison of the two implementations
The implementations for the potential equation essentially differ in the following way:
 Sequence of solving the potential equation: In SOLPS5.3 the potential equation is
solved after momentum and continuity equation and before the energy equations, whereas in
SOLPS4.3 the potential equation is solved before all other equations. As the parallel currents
effect the electron energy equation the sequence in SOLPS5.3 might be more favorable.
 1-D versus 2-D approach: Although the potential equation can be a two-dimensional
partial differential equation (as in SOLPS5.3) in case of anomalous radial transport or when
drift terms are included, the parallel current is dominant. Thus the potential equation can be
well handled within a 1-D approach (as in SOLPS4.3) even when anomalous radial currents
or drift flows are introduced. The core region needs special care in both the 1D and the
2D-approach as in both cases a net zero radial current from the core needs to be required.
Further, it should be mentioned that the 1-D approach is also abandonned in the B2 code
as soon as the wide grid features are used. Indeed, in this case the potential equation is
governed by current paths along magnetic field lines which encounter different boundaries
and thus different current paths (see also [7]). However, also in these cases separate current
paths can be detected.
 Non-linear boundar conditions: The implementation of the non-linear boundary condi-
tions as implemented in the original B2 and in the SOLPS4.3 code package avoids unnecesary
iterations and prevents the electric current to achieve values beyond its physical limits due
the the screening effect of the electrostatic sheath. It is therefore expected to be a more sta-
ble procedure. The implementation for parallel currents in a 2D framework with non-linear
boundary treatment was implemented by D. Allaerts [7] and is presently further tested.
5 Test case description
In order to compare the implementation issues of parallel currents in B2 and B2.5, the benchmark
activities of Dekeyser et al. [1] were taken as a starting point.
5.1 Geometrical aspects
Code comparison is performed for a simple, 2D slab SOL test case without cuts as shown in figure
1. The same geometry was used in the previous code benchmark tests reported in [1].
The configurations is completely top-down-symmetric between the two targets AB and CD and
poloidal projections of the magnetic field lines are perfectly vertical. The computational domain
has a total length of 20 m in the poloidal x direction, and 0.1 m in the radial y direction. The grid
consists of 100x20 grid cells. The left boundary of the domain is located at a major radius of 10
m. The magnetic field has a constant pitch of 0.1. The toroidal component of the magnetic field
Bz = 10m · T/R.
5.2 Transport coefficients and boundary conditions
For this test case adaptations in the codes are provided based on the previous benchmark tests.
The bugs reported in [1] are resolved.
Concerning the transport terms, the radial viscosity term in the momentum equation is adapted,
the parallel heat conduction is rescaled with a factor 4/3 and a flux limit for the parallel ion viscosity
11
Figure 1: Test case geometry
is introduced. Transport coefficients for parallel viscosity, and for parallel electron and ion heat
conductivity are scaled to correspond to the Balescu parameters instead of to the ones as derived
by Braginskii. They respectively amount to 0.99245, 1.32285 and 1.01399. No flux limiter is used
for the energy equations.
Further, the following boundary conditions apply:
 At the south boundary (AC) a separatrix density, parallel velocity as well as separatrix
electron and ion temperatures are set according a data input file, in order to prevent an
abrupt profile change from the boundary values to those in the outer SOL.
 At the targets (AB and CD), sheath conditions are preset with u‖ = cs; electron sheath
condition δe = 2 + eΦ/Te and ion sheath transmission coefficient δi = 2.5 complemented with
a contribution for the kinetic energy, which is fully taken into account (weight is equal to
1). The B2-boundary condition for the ion energy equation is reformulated in B2 in order to
ensure that at every iteration in the code the energy flux associated with the kinetic energy
is exactly reproduced at the boundary. This is done in order to make the boundary condition
closer to the one of B2.5 where instead of the total ion energy equation the equation for the
ion temperature is solved.
 At the wall (BD) decay lengths for ion density, electron temperature and ion temperature
are respectively set to 4, 6 and 1.1561673 cm.
The input list is given in appendix A.
6 Simulation results
In this sections the two codes are compared for 1) unbiased targets and 2) biased targets at different
voltages. As a starting point for comparison the simulation results when no currents are included
in the governing equations are discussed first.
6.1 Simulations without currents
Plasma profiles for this test case as obtained from standard simulations without currents can be
regarded as a reference for further comparison. Ion density, parallel velocity, ion and electron
temperature profiles are shown for B2 and B2.5 in figures 2 and 3 respectively. The relative
difference between both simulation results, defined as (ΦB2.5 − ΦB2)/ΦB2 and with Φ a plasma
12
state variable, are shown in figure 4. The relative differences are in the order of a few percentages
for all plasma properties.
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Figure 2: Test case solution obtained with B2 without currents.
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Figure 3: Test case solution obtained with B2.5 without currents.
6.2 Results for unbiased targets
The plasma profiles for both targets at 0V are shown in figures 5 and 6 for the results from the
B2 and the B2.5 code respectively. As the test case exhibits a top-down symmetry it is expected
that no parallel currents are induced. Both codes indeed result in zero parallel currents up to
machine precision. The plasma density, parallel velocity as well as ion and electron temperatures
are not affected by the inclusion of parallel currents. As expected, the electric potential profile at
the targets is dominated by the electron temperature profile, whereas the overall features of the
density and electron temperature profiles can be retrieved throughout the simulation domain. (cfr.
equations (20) and (14) respectively). Relative differences between B2 and B2.5 simulation results
are given in figure 7. As the electric currents are zero, their relative difference is not included in
figure 7. Overall it can be stated that the relative differences between both codes are of the same
order of magnitude as for the currentless case. Also the characteristic features remained similar
for plasma density, parallel velocity and ion temperature. Only the relative differences in electron
temperature show a different signature. In this case the electron temperature difference is more
influenced by the small differences in corner settings than the other parameters and discontinuity
in boundary conditions at the sheath conditions and wall boundaries. Relative differences remain
however within the 2% range. It can therefore be concluded that the implementation of parallel
currents and electric potential in combination with the sheath boundary conditions are equivalent
in the case of zero currents.
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6.3 Results for biased targets at 1, 10 and 100V
In order to have more pronounced effects from the parallel currents, simulation experiments were
conducted with biased targets ranging from 1 to 100V. Plasma density, parallel velocity and ion and
electron temperatures seem hardly to be effected. These plasma parameters are for completeness
given in appendix B in figures 15 to 18. They very much resemble those presented for unbiased
targets in e.g. figure 5. Figures 8 and 9 show the electric potential and electric current density
for B2 and B2.5 simulations at different bias voltages. As expected the plasma electric potential is
increased with increasing bias voltage and delivers current densities that are approximately linear
with the applied bias voltage. Only at the highest voltage of 100V a saturation in the current
density can be observed.
However, when assessing the relative differences for these plasma parameters the influence of the
higher voltage biasing becomes evident. Relative differences for ion density and parallel velocity are
shown in figure 10. Relative differences for ion and electron temperature profiles are presented in
11. Especially the parallel velocity differences in the midplane are increasingly affected at increased
biasing voltages. From detailed analysis it can be concluded that the B2.5 code shifts the parallel
velocity more drastically to the higher voltage side than the B2 code does. This leads to differences
up to 500% difference near the midplane near the core boundary for a bias voltage of 100V. It should
however be mentioned that at the low velocities near the midplane profile relative differences are
more susceptible to small variations than at other positions or for other plasma variables. Also the
relative differences in electron temperatures between B2 and B2.5 simulation results increase with
increased bias voltage. They increase from a few percentage at low bias voltages up to 10V to 5%
at 100V.
In figure 12 the relative differences for both the electric potential and electric current density
are shown. Whereas at low bias voltages the signature of the relative difference for the electric
potential is similar to the simulation results without bias, its characteristic changes at high bias
voltage of 100V. Also for the electric potential, differences are limited to a few percentages and
slightly increase with higher bias voltage. In contrast, it can be seen that differences for the electric
current density tend to be higher than those of the other plasma parameters leading to errors up
to 11%.
The reason for the larger deviations in the electric currents can partially be allocated to the
differences in plasma parameters. In addition the different implementations for solving the electric
potential equation and its non-linear sheath boundary condition affect the results. This can be seen
in figures 13 and 14. In figure 13 the electric potential value at the sheath entrance as obtained
from the numerical simulation is compared to the evaluation of the sheath equation based on the
plasma variables and evaluated as performed in the code. It can be seen that for the B2 results the
discrepancy between algebraic and code evaluation is of the order of 10−7, whereas the B2.5 code
shows relative deviations in the range of 10−5. The highest deviations are found at the right target
at the higher bias voltage of 100V. Furthermore, in figure 14, the relative difference in currents
leaving the target at one side and reaching the other one is given for each flux tube. As radial
currents are switched of, it is required that poloidal currents are constant along the magnetic flux
tube. In the B2 solution this is exactly satisfied (differences are 0). In B2.5 fluctuations along the
flux tubes are observed. This can be attributed to the present implementation method which is
based on an iterative procedure in B2.5, whereas the B2 method solves the nonlinear boundary
condition over the flux tube and requires a constant current along magnetic flux tubes (see section
4). Nor decreasing the tolerance for the potential equation nor increasing the number of inner
iterations in the electric potential solver of B2.5 could improve the results (for POTOK = 10−7 no
converged solution could be obtained). Therefore, it is recommended to use the non-linear approach
in case high parallel currents are reached.
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Figure 13: Relative differences between numerical and analytical values for Φ
7 Conclusion
In this report the B2 and B2.5 equations and their numerical implementation for parallel electric
currents and the electric potential are compared. It is shown that the implemented equations are
equivalent to each other in both codes. However, the numerical implementation to cope with the
non-linear sheath conditions differ.
In addition, the two codes are benchmarked. It is shown that differences in simulation results are
within acceptable levels for all plasma parameters. In addition the benchmark exercise reveals that
accuracy of the parallel current and electric potential simulation can be enhanced by incorporating
the B2 procedure for non-linear boundary conditions into the B2.5 code.
Our benchmark tests so far are limited to single ion fluid cases, a simple 1D electrostatic plasma
sheath model at the targets, Mach number = 1 boundary conditions for plasma outflow to targets,
and strictly orthogonal, even rectangular numerical discretisation grids. It does not address, so far,
supersonic plasma solutions, effects from implementation of grid distortion (both in B2 and B2.5)
due to inclined targets, nor other possible consequences caused by non-trivial metric coefficients in
the discretised set of equations.
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BOUND-namelist
Variable Value Description
NCORN 0 no special treatment for corner cells
NBC 4 number of boundaries
BCCHAR `S' `E' `W' `N' boundary specification
BCPOS 0 101 0 21 boundary specification
BCSTART 1 0 0 1 boundary specification
BCEND 100 21 21 100 boundary specification
BCCON 14 3 3 9 boundary specification
CONPAR( ,1,1) 3e19 0 0 4e-2 boundary specification
CONPAR( ,2,1) 0 0 0 0 boundary specification
BCMOM 14 3 3 2 boundary specification
MOMPAR( ,1,1) 0 1 1 0 boundary specification
MOMPAR( ,2,1) 0 0 0 0 boundary specification
BCENE 14 3 3 9 boundary specification
ENEPAR( ,1,1) 40 2 2 6e-2 boundary specification
ENEPAR( ,2,1) 0 0 0 0 boundary specification
BCENI 14 13 13 10 boundary specification
ENIPAR( ,1,1) 40 2.5 2.5 λTi boundary specification; for λTi see section 5.2
ENIPAR( ,2,1) 0 1 1 0 boundary specification
In case of parallel currents
PHIIN 0 - 100 specification of lower target voltage
PHIOUT 0 specification of upper target voltage
NUMS-namelist
Variable Value Description
LUPWINDCONT 1 use upwind scheme for continuity equation
PARA-namelist
Variable Value Description
DIFNI 1.0 particle diffusion coefficient
DIFPR 0.0
DIFBO 0.0
DIFMX 10.0
VCONV 0 no additional radial convective velocity (anomalous)
FLIM 1.0E30 no electron heat conductivity flux limiter
FLIMI 1.0E30 no ion heat conductivity flux limiter
FLIMV 0.13333 viscous flux limiter
KYE 1.0 radial (anomalous) electron heat conduction coefficient
KYI 1.0 radial (anomalous) ion heat conduction coefficient
KXE 1.32285 factor for classical electron heat conduction coefficient
KXI 1.01399 factor for classical ion heat conduction coefficient
TRAVIS 0.2 radial (anomalous) viscosity
PARVIS 0.99245 factor for classical parallel viscosity
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A.2 B2.5 Input Parameters
b2mn.dat
Internal Key Value Description
b2trno_dpa_x_contr 0 no contribution from neutrals
b2trno_dpa_y_contr 0 no contribution from neutrals
b2tral_visc_style 1 no anomalous contribution in
poloidal direction
b2sqel_phm0 0.0 set up the rate coefficient for ionization
b2sqel_phm1 0.0 set up the rate coefficient for
recombination
b2sqel_phm2 0.0 set up the rate coefficient for electron
heat loss
b2sqcx_phm0 0.0 set up the charge exchange rate coefficient
b2tqna_neutral_contr_to_hci' 0 no neutrauls contributions to ion
heat coefficient
b2trcl_lambda 12.0 set up the value of Coulomb logarithm
b2tfnb_xfrhiehz 0.0 no smooth term in x-particle flux in
parallel balance momentum equation
b2tfhe_fch_pTe 0.0 no current
b2tfhe_alfTeEh 0.0 no electrical field
b2npmo_modvis 0 set up old expression for viscocity
b2sicf_phm0 0.0 no centrifugal force
b2sicf_phm1 0.0 no centrifugal force
b2mndr_hz 0.0 use old form of the parallel balance
momentum equation
b2tlmv_style 0 apply viscous flux limit for all surfaces
b2news_poteq 0 zero electrical potential, zero currents
b2tfhi_mdf 0 no modified fluxes in the temperature
equation for ions
b2tfhe_mdf 0 no modified fluxes in the temperature
equation for electron
b2tfnb_mdf 0 no modified fluxes in the continuity
equation for ions
b2trcl_lluciani 0 no Luciani restriction
b2siav_addvis 0.0 no new expression for viscosity
b2siav_addvis1 0.0 no new expression for parallel viscosity
connected with heat flow
In case of parallel currents
b2news_poteq 1 compute electric currents
b2news_potit 100 max. iterations for solving the potential equation
b2news_potok 1e-2 stopping criterion for solving potential equation
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b2.transport.parameters-namelist
Variable Value Description
flag_dna 1 set up the value of the ion anomalous diffusion coefficient
flag_vsa 1 set up the value of the ion anomalous viscosity coefficient
flag_hci 1 set up the value of the ion anomalous heat coefficient
flag_hce 1 set up the value of the electron anomalous heat coefficient
parm_dna 1.0 the value of the ion anomalous diffusion coefficient
parm_vsa 0.2 the value of the ion anomalous viscosity coefficient
parm_hci 1.0 the value of the ion anomalous heat coefficient
parm_hce 1.0 the value of the electron anomalous heat coefficient
b2.boundary.parameters-namelist
Variable Value Description
NCORN 0 no special treatment for corner cells
NBC 4 number of boundaries
BCCHAR `S' `N' `W' `E' boundary specification
BCPOS -1 20 -1 100 boundary specification
BCSTART -1 -1 -1 -1 boundary specification
BCEND 100 100 20 20 boundary specification
BCCON (1, ) 7 9 3 3 boundary specification
CONPAR(1, ,1) 3e19 0.04 0 0 boundary specification
BCMOM 7 2 3 3 boundary specification
MOMPAR(1, ,1) a 0 1 1 boundary specification with a = 0.121471624
MOMPAR(1, ,2) 0 0 0 0 boundary specification
BCENE 7 9 3 3 boundary specification
ENEPAR 40 6e-2 1 1 boundary specification
BCENI 7 9 3 3 boundary specification
ENIPAR 40 λTi 1.5 1.5 boundary specification; for λTi see section 5.2
GAMMAE 0 boundary specification
In case of parallel currents
POTPAR(3,2) 0 - 100 specification of lower target voltage
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b2.numerics.parameters-namelist
Variable Value Description
SOLVECO(0,0) .false. Indicates whether the continuity equation for species
(0-neutrals) is to be solved in region (ireg=0,1,2,3,4).
SOLVECO(0,1) .false.
SOLVECO(0,2) .false.
SOLVECO(0,3) .false.
SOLVECO(0,4) .false.
SOLVEMO(0,0) .false. Indicates whether the momentum equation for species
(0-neutrals) is to be solved in region (ireg=0,1,2,3,4).
SOLVEMO(0,1) .false.
SOLVEMO(0,2) .false.
SOLVEMO(0,3) .false.
SOLVEMO(0,4) .false.
B Plasma parameters for biased test cases at 0, 10 and 100V
In this section the plasma profiles for density, parallel velocity and ion and electron temperature
are shown for different bias voltages. It can be seen that the profiles are only marginally effected
by the applied voltages.
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(g) B2 result for 100V.
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(h) B25 result for 100V.
Figure 15: Plasma density from B2 and B2.5 for different bias voltages.
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(g) B2 result for 100V.
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(h) B25 result for 100V.
Figure 16: Parallel velocity from B2 and B2.5 at different bias voltages.
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(h) B25 result for 100V.
Figure 17: Ion temperature from B2 and B2.5 for different bias voltages.
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Figure 18: Electron temperature with B2 and B2.5 for different bias voltages.
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